Using quantitative doable-tracer antoradiography, we examined the tolerance of the rat cerebral venous system hi focal cerebral ischemia to retrograde perfusion pressure into the inferior cerebral vein. At perfusion pressures of <150 mm Hg, there was no significant change hi local cerebral blood flow (LCBF) and blood-brain barrier (BBB) permeability. At pressures of >170 mm Hg, significant changes occurred in BBB permeability in the superficial cortical layers and there was a mild reduction of LCBF. In the group of rats subjected to 200 mm Hg perfusion pressure, the change hi BBB permeability extended to the entire cortical zone and significant reduction of LCBF occurred. Our results indicate for the first time that during conditions of focal cerebral ischemia, the rat cerebral venous system can tolerate up to 150 mm Hg of retrograde perfusion pressure into the cerebral venous system without any change in BBB permeability or hi LCBF. However, progressive change hi BBB permeability and reduction in LCBF occur once the perfusion pressure exceeds 170 mm Hg. This finding may permit more efficient delivery of cytoprotective agents into ischemic tissue. (Stroke 1989; 20:378-385)
T he clinical and laboratory observation that brain cells are more resistant to ischemia than previously assumed has stimulated considerable investigation into not only factors responsible for irreversible ischemic cell damage but also ways to improve cell function in the ischemic penumbra. '-11 Since the common pathophysiologic abnormality in acute cerebral ischemia is a significant reduction in the arterial blood supply to brain tissue, due to either atherosclerotic narrowing or sudden occlusion of a major supplying artery, it is often difficult to supply adequate amounts of promising cytoprotective agents systemically or arterially to the ischemic tissue. Fortunately, however, the cerebral venous system has rich microcoUateral channels 12 -15 and is subject to minimum atherosclerotic changes. 1617 We have therefore explored the cerebral venous system as a new supply route to deliver blood and cytoprotective agents to ischemic brain tissue.
A sudden increase in arterial blood pressure can cause changes in the permeability of small cerebral vessels, 18 -21 including the venules. 22 - 26 The tolerance of the cerebral venous system during conditions of focal cerebral ischemia to retrograde perfusion pressure into the cerebral vein remains unknown, however. We examined this tolerance by occluding the middle cerebral artery (MCA) of rats and using quantitative double-tracer autoradiography with [ 27 and with [ u C]a-aminoisobutyric acid (["CJAIB) 2829 to measure blood-brain barrier (BBB) permeability.
Materials and Methods
We used 30 adult male Sprague-Dawley rats weighing 320-400 g. In 27 rats, we determined the blood-to-brain transfer constant (fq) and LCBF. Cerebral ischemia was produced in 21 of these by occlusion of the left MCA, 30 and 1 hour later transvenous perfusion of the brain (TVPOB) was started. The rats were divided into four experimental groups, depending on the perfusion pressure of TVPOB: six rats with 100 mm Hg, six with 150 mm Hg, three with 170 mm Hg, and six with 200 mm Hg. A sham-operated control group comprised six rats that underwent the same anesthesia, surgical procedures, and cannulation into the cerebral vein as the ischemic groups but did not undergo TVPOB. We measured changes in the cortical venous pressure before and after MCA occlusion in three rats that underwent only the anesthesia and cannulation into the cerebral vein.
The rats were fasted overnight, with water provided ad libitum, before the experiment. Under general anesthesia with 1.5-2% halo thane, a tracheostomy was made and each rat was connected to a Harvard rodent respirator (Harvard Instruments, South Natick, Massachusetts) to maintain arterial blood gases within physiologic ranges as monitored by a blood gas analyzer (Model 1302, Instrumentation Laboratory Systems, Lexington, Massachusetts). Following catheterization of the femoral vessels with PE-50 tubing, a small craniectomy was made using a dental drill under a dissecting microscope. A 2x2-mm piece from the inferior and posterior part of the squamosal bone was removed just posterior to the postglenoid foramen. The inferior cerebral vein, anatomically comparable to Labbd's vein in humans, collects venous blood from the centroparietotemporal regions. 15 Using a fine catheter, we cannulated the inferior cerebral vein backwards to the ischemic area created by occlusion of the MCA. The midpoint of the vein was punctured by a 30-gauge needle and immediately cannulated backwards toward the sylvian area with the tapered tip of a PE-10 polyethylene catheter (i.d. 0.28 mm, o.d. 0.61 mm). After the catheter was inserted into the inferior cerebral vein, the puncture was covered with a small piece of oxidized cellulose and Gelfoam added to a drop of Krazy Glue (Chicago, Illinois) to prevent blood leakage. The PE-10 catheter was then connected to the conduit system, which consisted of three three-way stopcocks. To avoid blocking the catheter and conduit system, <0.1 ml heparinized saline was infused intermittently at <30 mm Hg perfusion pressure until the beginning of the autologous blood infusion. The left MCA was then occluded by a Zen clip (Ohwa Tsusho Ltd., Tokyo, Japan) proximal to the lateral striate branch as described by Tamura et al. 30 The surgical wounds were anesthetized locally with 2% xylocaine jelly and solution, and then the general anesthesia was switched to 50 mg/kg i.m. ketamine and 8 mg/kg i.m. xylazine 31 every hour during the entire experiment to minimize hemodynamic and metabolic effects while maintaining adequate anesthesia. Finally, 0.5 mg/kg i.m. atropine was injected to prevent cholinergic reaction.
The systemic arterial blood pressure was monitored with a physiologic transducer (Trantec, BentlyTrantec Corp., Irvine, California). Hematocrit was determined intermittently in arterial blood samples using an Eppendorf Geratebau Model 5412 centrifuge (Netheler & Hinz GmbH, Hamburg, FRG). Body temperature was continuously monitored with a rectal temperature probe and held at 37 ±0.4° C by means of a heating lamp positioned over the rat. TVPOB was started 1 hour after the occlusion of the MCA and ended with decapitation 3 hours after the occlusion. Autologous arterial blood was infused continuously into the cerebral vein at perfusion pressures of 100, 150, 170, and 200 mm Hg; the respective autologous blood infusion rates were 0.17, 0.2, 0.25, and 0.28 ml/min. To replenish the blood in the conduit system, the heparinized arterial blood was withdrawn from the femoral artery 1 ml each time and at rates similar to the TVPOB infusion rate. The infusion pressure was obtained by compressing a polyvinyl chloride bottle filled with 0.9% saline using a mercurial sphygmomanometer (Tycos, Taylor Instrument Co., Asheville, North Carolina) that was connected at the distal end of the conduit system; infusion pressure was gradually increased in a stepwise fashion (20-30 mm Hg at each step, approximately 5 minutes between steps) from 0 to the desired pressure. During the infusion, the catheter and conduit system were always filled with autologous blood, which was replaced periodically according to the infusion schedule described above. The infusion pressure was constantly measured through the proximal three-way stopcock in the conduit system by the same transducer mentioned above. Pressure was maintained within 5 mm Hg using the high-pressure range of the blood pressure monitor (Sirecust 322, Siemens Energy & Automation, Inc., Cherry Hill, New Jersey) during TVPOB.
The quantitative double-tracer autoradiographic technique for the simultaneous measurement of LCBF and local BBB permeability used [
I8 F]FAP and [ 14 C]AIB. It has been described in detail, 27 but briefly, the method is based on the difference in the physical half-lives of two tracers, fluorine-18 (T 1/2 = 110 minutes, E ave =240 keV) and carbon-14 (T, n = 5730 years, E ave =45 keV).
An LCBF autoradiogram using [
18 F]FAP (the first exposure) was obtained by immediate 2-hour exposure of brain sections to Kodak SB-5 film (Rochester, New York). Fluorine-18 autoradiograms had <2% contamination from carbon-14. 27 Three days later, when fluorine-18 had decayed completely, a BBB permeability autoradiogram for tissue distribution of [ I4 C]AIB (the second exposure) was made by exposing the same brain sections to Kodak SB-5 film for 2-3 weeks.
We used the quantitative autoradiographic method developed by Blasberg et al 2829 to study the cerebral microvascular permeability, that is, to measure BBB. Reliable Jt,s can be determined from data obtained in single-time experiments. 29 Thirty to fifty microcuries of [ 32 was constantly infused intravenously for 1 minute. Twenty-microliter arterial blood samples were drawn at 5-second intervals after the start of the infusion of [ I8 F]FAP. The rats were then decapitated and their brains were quickly removed and frozen in liquid Freon-12. The frozen brain was sliced into 20-/im sections by a cryostat (-22° C). Each section was mounted on a microscope cover glass and rapidly dried on a hot plate for autoradiography. The fluorine-18 radioactivities of blood samples were measured immediately using a gamma well counter (Model 250, Baird-Atomic Inc., Cambridge, Massachusetts) with a multichannel analyzer (TN-7200, Tracor Northern, Inc., Middleton, Wisconsin). LCBF was calculated using the operational equation described by Sakurada et al. 33 The brain-blood partition coefficient of 0.89 for [ 18 F]FAP determined by Sako et al 27 was used. The optical density was measured six times with a photovolt densitometer (Sargent-Welch Densichron, model PPD, Sargent-Welch Scientific Co., Skokie, Illinois) equipped with a 0.1-mm aperture in each three consecutive tissue autoradiograms, and the mean value of the tissue fluorine-18 and carbon-14 radioactivities in each locus referred to in Paxinos and Watson 34 was obtained. To measure cortical venous pressure before and after MCA occlusion, we used the techniques of anesthesia and cannulation into the main trunk of the inferior cerebral vein as used above, thus staying within the same physiologic range, in the three additional rats. A PE-10 polyethylene catheter was inserted into the vein and connected by a three-way stopcock to the same physiologic transducer; the venous pressure was monitored using the lowpressure range of the same blood pressure monitor. The venous pressure was continuously measured to determine hemodynamic changes from before MCA occlusion to 3 hours after.
All data were statistically analyzed using the unpaired two-tailed / test and the data are expressed as mean±SD; p<0.05 was considered to indicate significance.
Results
As shown in Table 1 , blood gases, blood pressure, and hematocrit remained within the normal ranges in all rats throughout the study. There was no significant difference in these parameters between the sham-operated and the TVPOB-treated groups.
After cannulation into the cerebral vein, the increase in BBB permeability was minimal and was confined to the left rhinal fissure over the surgical site; this was observed in all rats. In rats treated with TVPOB at pressures of < 150 mm Hg, there were no significant changes in &, in the entire ischemic cerebral hemisphere except over the surgical site (Figure 1, A and B) . Values of ^ in regions affected by ischemia (e.g., parietal cortex, auditory cortex, sensory motor cortex, and caudate nucleus in the occluded side) did not differ from those in the contralateral hemisphere or in control rats (Table  2 ). In rats treated with TVPOB at pressures of > 170 mm Hg, however, ^ values were significantly increased in the superficial layers of the ipsilateral auditory cortex (Table 2 ), but the high values were localized in and around the perfused site ( Figure  1C ). TVPOB with 200 mm Hg perfusion pressure resulted in marked and widespread increases in k, values in the entire cortical layers of the ipsilateral parietal, sensory motor, occipital, and auditory cortexes (Table 2, Figure ID) .
LCBF was severely reduced in the left insular and perirhinal cortexes over the surgical site in all rats. LCBF in the sensory motor and parietal cor- 
C]a-aminoisobutyric acid from coronal section of thalamus\parietal cortex region. Small increases of transfer constant (Ki) appear only in subpial portion of left rhinal fissure at operative site in rats receiving transvenous perfusion of brain at 100 mm Hg (A) and 150 mm Hg (B) perfusion pressure. However, there is a significant increase of Ki in the superficial layers of left auditory cortex in rat treated at 170 mm Hg (C) and widespread, marked increase ofKi in the entire cortical layers of left auditoparietal cortexes in rat treated at 200 mm Hg perfusion pressure (D).
texes was elevated above control levels, but there was no significant difference between the control group and the groups receiving TVPOB at perfusion pressures of 100 and 150 mm Hg (Figure 2, Table 3 ). In the 170 mm Hg group there were, however, significant reductions of LCBF in the auditory cortex (36% reduction, p<0.05). In the 200 mm Hg group there was more extensive reduction of LCBF (32-50%) in the sensory motor (p<0.05), parietal (p<0.05), and auditory cortexes (p<0.01). Figure 3 shows the relation between the pressure of TVPOB and k x as well as LCBF in the left auditory cortex, k, values and LCBF in that area were not significantly different between the control group (k, 1.4±0.2x 10~3 ml/g/min, LCBF 25±6 ml/100 g/min) and the groups treated with TVPOB at pressures of 100 mm Hg (itj 1.5±0.3x 10" 3 ml/g/min, LCBF 29±7 ml/100 g/min) and 150 mm Hg (k, 1.4±0.5xl0" 3 ml/g/min, LCBF 28± 12 ml/100 g/min). However, when the pressures of TVPOB were increased to 170 mm Hg, ^ in the left auditory cortex was elevated to 3.3 times (4.6± 1.6x 10" 3 ml/g/min, p<0.01) that of the control group. In contrast, LCBF in the same area was reduced, significantly, to 16±7 ml/100 g/min (36%, p<0.05). In the group receiving TVPOB at a pressure of 200 mm Hg, k, and LCBF in most cortical areas of the left cerebral hemisphere were markedly changed;
Iq was four times (5.6±2.7x 10~3 ml/g/min) that of the control group (p<0.01) and LCBF was 48% less than that of the control group (13±6 ml/100 g/min, p<0.01). There was no significant change of LCBF in the ipsilateral subcortical areas or the contralateral hemisphere in the TVPOB-treated groups compared with the control group.
In three rats, the cortical venous pressure was 12.5±3.4 mm Hg after cannulation and before MCA occlusion. After MCA occlusion, the pressure was rapidly decreased: 5.8±2.3 mm Hg at 1 minute, 4.8±1.0 mm Hg at 5 minutes, and 3.3±0.3 mm Hg at 10 minutes. It settled at 3.7±1.2 mm Hg at 20 minutes and remained there for 3 hours. Therefore, there was a significant reduction (72%) of venous pressure after the MCA occlusion. Discussion A sudden increase in arterial blood pressure can cause permeability changes in the cerebral small vessels, 18 -21 including the venules. 22 -26 Unfortunately, there is little data available on the physiologic tolerance of the cerebral venous system. 35 ' 36 To our knowledge, few experimental studies have been done on transvenous retrograde perfusion of the brain. 36 In particular, there was no study reported on the maximum tolerance to retrograde perfusion pressure 
28
- 29 This permitted evaluation of a correlation between LCBF and BBB permeability changes in the same tissue section, thus providing reliable information enabling us to define an optimal perfusion pressure for TVPOB.
Our results showed that in rats with TVPOB at perfusion pressures of < 150 mm Hg there was no change in BBB permeability. Our previous study in dogs 37 indicated that simultaneous occlusion of several cortical veins induced perivenous leakage of fluorescein dye and a reduction of LCBF because of increased venous pressure and a reduction in the number of collateral venous pathways but that occlusion of one large draining vein alone did not cause a change in BBB permeability or any reduction of LCBF due to the rich venous collateral channels in the cerebrum. 13 -38 Abrupt elevation of the systemic arterial blood pressure induced by intravenous injection of metaraminol bitartrate in cats resulted in extravasation of Evans blue from the small cerebral vessels with increased cerebral venous pressure. 18 However, stepwise elevation did not change BBB permeability in the small cerebral vessels in cats. 1920 The percent and rate of the increase in pressure are therefore more important than the absolute pressure. Denny-Brown et al 36 reported that a sudden retrograde injection of saline into a cortical vein in monkeys under normal conditions resulted in the abrupt appearance of complete ischemia in the cortical area. No actual pressure measurements were recorded during perfusion of the vein, but it was estimated that a pressure of >50 mm Hg was necessary. 36 Recently, we investigated the physiologic integrity of the epicerebral venous system by means of retrograde cerebral fluorescein venography in dogs. Fluorescein dye leaked heavily from the epicerebral veins following an abrupt infusion at pressures estimated to be >160 mm Hg. Leakage was not observed, however, following a stepwise increase of perfusion pressure below 80 mm Hg during retrograde infusion. These results suggest that the cerebral vessels are more tolerant of a stepwise increase of intraluminal pressure, so we increased pressure in a stepwise fashion for this study.
There have been numerous investigations of alterations in the cerebral circulation following occlusion of the MCA, but few have focused on changes in the cerebral venous system. 39 - 41 In rats, we have observed that cortical venous pressure declined significantly from 12.5 to 3.7 mm Hg following MCA occlusion. Symon 40 also measured the cortical arterial and venous pressures directly before and after MCA occlusion in baboons. He reported that the mean MCA pressure before the occlusion was 94.3 mm Hg and the mean venous pressure of the branch of the middle cerebral vein was 14.4 mm Hg. Occlusion of the MCA caused a fall in mean pial arterial pressure (20.6 mm Hg) and mean venous pressure (9.4 mm Hg). The significant reduction of the microcirculatory resistance following occlusion of the MCA may explain why the cerebral venous system can tolerate up to 150 mm Hg retrograde perfusion pressure after MCA occlusion.
In rats with occlusion of the MCA treated by TVPOB at 170 mm Hg perfusion pressure, BBB permeability increased in the ipsilateral auditory cortex, but the area of high kj was limited to the superficial layers within 1 mm of the cerebral surface. TVPOB at 200 mm Hg perfusion pressure resulted in marked and widespread increases in ^ in the ipsilateral cerebral hemisphere over the entire cortical zone extending into the white matter. The breakthrough point of BBB permeability for retrograde perfusion into the cerebral vein may lie between pressures of 150 and 170 mm Hg in rats with focal ischemia induced by occlusion of the MCA. Duvernoy 38 described "superficial vascular pathways" and "deep vascular pathways" in the human brain. The vascular supply of the hemispheric cortex was reported to be similarly organized in rats and humans. 15 Our results with TVPOB at 170 mm Hg pressure indicate that the small vessels in the superficial vascular pathways are more vulnerable to retrograde perfusion pressure than the deeply penetrating large vessels.
Our results indicate for the first time that the cerebral venous system in rats can tolerate up to 150 mm Hg retrograde perfusion pressure into the cerebral venous system without any change in BBB permeability or LCBF. However, once the pressure exceeds 170 mm Hg, BBB permeability is altered and LCBF declines. Our new TVPOB method thus makes it possible to deliver cytoprotective agents into ischemic tissue more selectively and efficiently.
